A B S T R A C T This study was designed to examine the pathogenesis of the excretory defect produced by bilateral ureteral' obstruction in the rat. After release of obstruction of 24 hr duration glomerular filtration rate was reduced to 20% of normal. Free flow proximal tubular pressure was normal, excluding residual obstruction as a cause of depressed filtration, and indicating that an intrarenal hemodynamic abnormality was primarily responsible for the excretory defect. Total renal blood flow and cortical distribution of flow were normal. Clearance and micropuncture studies indicated the presence of marked heterogeneity of nephron function with residual excretory function residing primarily in vasodilated nephrons in which decreased postglomerular arteriolar resistance effected a reduction in glomerular filtration pressure. Heterogeneity of nephron function was evidenced by a wide scatter of values for single nephron filtration rate and from direct intratubular injection of dye which revealed that at least 28% of surface nephrons were either nonfiltering or had filtration rates too-low to measure. The observed decrease in Hippuran extraction and increased ratio of Hippuran to inulin clearance ratio is characteristic of the vasodilated kidney. Further evidence of the vasodilated nature of residual functioning nephrons was demonstrated by the failure of intrarenal papaverine infusion to increase filtration rate in this lesion.
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The hemodynamic defect produced by bilateral obstruction is contrasted with that seen after release of unilateral ureteral ligation in which depression of filtration rate appears to result primarily from preglomerular vasoconstriction. This difference raises the possibility that a INTRODUCTION Knowledge of factors which control glomerular filtration is central to our understanding of the basic excretory function of the kidney. It has been shown that a number of experimentally induced (1-3) and clinically occurring (4) varieties of acute renal failure are characterized by alterations in intrarenal hemodynamics which effect marked changes in renal excretory function. Further understanding of pathogenetic factors in these abnormal states will not only enhance knowledge of basic disease mechanisms but will also provide insight into fundamental renal regulatory mechanisms. For this purpose it is desirable to find relatively simple and reproducible models of renal dysfunction which result primarily from aberrations in intrarenal hemodynamic regulation. Previous studies from this laboratory have shown that after release of unilateral ureteral ligation in the rat the obstructed kidney shows a profound reduction in filtration rate which is attributable to renal vasoconstriction, affecting primarily -the preglomerular vasculature (5).
The present study was designed to investigate the renal functional defect produced by complete bilateral ureteral obstruction in the rat. We had previously noted a striking difference in the appearance of surface tubules of the obstructed kidney depending on whether one or both ureters had been ligated. After unilateral ligation, the tubules were collapsed and showed an intraluxninal hydrostatic pressure which was significantly depressed below normal free flow proximal tubular pressure (5) . In contrast, after bilateral ligation, tubules were dilated and the pressure, before release of obstruction, was elevated (6). These observation indicated that the intrarenal hemodynamic response to bilateral ureteral obstruction differed fundamentally from that of unilateral obstruction.
Diuresis and natriuresis are well recognized features of postobstructive nephropathy in man (7) . These also occur after release of bilateral obstruction in the rat (6) and the nature of the defect in sodium transport in this lesion has recently been reported on in detail (8) . While certain of the present data also bear on the mechaniism of natriuresis in this lesion the major objective of the present study is an examination of the intrarenal hemodynamic events which characterize postobstructive nephropathy and of the manner in which these alterations impair excretory function in this lesion.
METHODS
Experiments were performed oni female Wistar rats, Rochester strain, weighing from 180 to 250 g. Ureteral ligation was performed through a small midline incision, using light pentobarbital anesthesia. Except where otherwise noted, rats were then allowed free access to water, without food, until the time of study, 24 hr later. Animals were then anesthetized with intraperitoneal sodium pentobarbital and placed on a heated platform. Inulin was administered into the jugular vein with a constant infusion pump. Blood pressure was monitored with a pressure transducer (Statham Instruments, Inc., Oxnard, Calif.) attached to a catheter in the carotid artery. The trachea was cannulated. Urine was collected in a weighed 2 ml centrifuge tube from a PE 50 catheter placed in the left ureter. The right ureter remained ligated throughout the experiment. Durintg operative preparation the rat was given 2 ml isotonic NaCl intravenously, including 100 mg inulin as a priming dose, and inulin in isotonic NaCl (20 mg/ml) was thereafter infused at a rate of 0.028 ml/min. Clearance measurements were started 4045 min after ureteral catheterization. Periods were of 10-15 min duration. Three periods were taken except in experiments involving the infusion of vasoactive drugs in which two control periods were followed by two to three periods during drug administration.
The effects of the vasoconstrictor agents, norepinephrine and angiotensin, were studied by the intravenous infusion of equipressor amounts in two groups of rats. Norepinephrine was infused at a rate of 0.2 /Ag/min and angiotensin at 0.026 Ag/min. Each drug was infused until blood pressure was stable, usually 10-15 min, after which further clearance measurements were made. Renal vasodilatation was produced by the infusion of papverine (0.13 mg/min) directly into the renal artery (5) . Clearance measurements were initiated 10-15 min after starting papaverine infusion.
Micropuncture studies were performed by methods previously described (3) . Single nephron glomerular filtration rate (GFR)1 was measured with inulin-"C (New England Nuclear Corp., Boston, Mass.). Surface tubules, all of which were dilated and relatively uniform in appearance, were punctured randomly for measurement of GFR. In some tubules the oil block did not move distally over a period as 1 Abbreviations used in this paper: C, clearance; GFR, glomerular filtration rate; PAH, p-aminohippurate; SNG-FR, single nephron glomerular filtration rate. loIg as 60 sec, precluding fluid collection and measurement of inulin clearance in those nephrons. In order to evaluate this more fully, 346 proximal tubules in six postobstructive rats were punctured and a small volume of Lissamine green was rapidly injected into the lumen. The pipette was immediately withdrawn and the time required for the dye to be washed downstream from the point of inj ection was recorded with a stopwatch. In normal rats and in the majority of tubules in postobstructive rats this occurs immediately or within a few seconds, and moderate reductions in tubular fluid flow rate could not be ascertained by this method. The technique did however clearly distinguish a population of nephrons in which flow was markedly reduced or virtually absent and this permitted a quantification of surface tubules which were essentially nonfunctional.
Renal blood flow was measured by the whole blood clearance of Hippuran-13I (Mallinckrodt Chemical Works, St.
Louis, Mo.), corrected for renal extraction by sampling from a catheter previously placed in the renal veini via the left ovarian vein (9) . Distribution of renal blood flow was studied with the use of 15-, microspheres, labeled with strontium-85 (3M Co., St. Paul, Minn.). Microspheres were suspended in 15% glucose containing a small amount of Tween-80 (polyoxyethylene sorbitan monooleate). They were sonicated for 5 min immediately before inj ection. Microscopic examinationl indicated complete dispersion of the microspheres. Rapid injection of 0.1 mg microspheres suspended in 0.25 ml fluid was performed through a PE 10 catheter threaded into the aorta via the left iliac artery so that the tip lay cephalad to the orifices of both renal arteries. At the end of the experiment 0.8 ml India ink was injected through the catheter, the kidneys were removed and fixed in formalin overniight, to facilitate cutting. They were then hand cut, under the dissecting microscope, for radioactive counting. For this purpose, 10-12 pieces of kidney, measuring approximately 3 X 3 X 5 mm and including the entire cortex and a portion of outer medulla were cut. Each piece was then cut into five approximately equal slices, from superficial cortex to outer medulla. The corresponding slices from each piece of kidney were pooled, weighed, and assayed in an automatic gamma spectrometer. They were then digested in 0.5 ml of 20%o HCl at 45°C for 18-24 hr. After digestion the specimens were thoroughly mixed and duplicate 20-Al samples were pipetted from each, placed on a glass slide with a shallow central well, and sealed with a cover slip. The number of glomeruli in each sample was then counted under the microscope. Glomeruli were readily recognizable by their characteristic morphology and heavy staining with India ink.
Sodium was determined by flame photometry. Whole kidney GFR was determined from the clearance of inulin, determined chemically (10) . Standard Glomerular filtration rate, urine flow, and sodiswm excretion. Clearance data from the left kidneys of 30 rats studied after release of obstruction, 24 hr after bilateral ureteral ligation, are summarized in Table I . Comparable data from 10 normal rats are shown. A characteristic set of functional changes was noted after release of obstruction. Glomerular filtration rate (GFR) was markedly depressed to approximately 20% of normal. Fractional sodium excretion was increased to 14% of the filtered load and all animals showed a high urine flow rate.
Single nephron GFR (SNGFR) was measured in 52 tubules from 10 postobstructive rats. Mean values of SNGFR and tubular fluid to plasma inulin concentration ratios are shown in Table II . Mean SNGFR was significantly reduced (P < 0.01), but the reduction was not proportional to that in whole kidney GFR. Whereas whole kidney GFR was reduced to 18% of normal SNGFR was 34% of normal. Tubules in which the oil column failed to move distally past the pipette tip were necessarily excluded from the computation of mean values for SNGFR. Lissamine green injection revealed that in 57 of 346 tubules (16%) there was no detectable downstream movement of dye for 1 min after injection, indicating virtually complete absence of function in these nephrons. In addition 40 tubules (12%) showed unequivocal marked reduction in flow rate, the dye requiring more than 10 sec to pass distal to the point of injection. It is not certain whether SN-GFR could have been recorded in the latter group of tubules, but this appears unlikely since this represents a distinct subpopulation of nephrons which occurred at a lesser frequency than that observed for the lower range of values of SNGFR (4-8 nl/min), as shown in Fig. 1 . It therefore appears that at least 28% of surface nephrons had GFR values below those which could be measured by standard -micropuncture methodology, indicating that the mean SNGFR is not truly representative of the composite function of surface nephrons. The tubular fluid to plasma inulin concentration ratio in postobstructive rats was not significantly different from normal. This finding indicates that the natriuresis was not associated with a detectable proximal tubular defect in sodium transport.
Renal hemodynamics. Renal blood flow was measured by the whole blood clearance of Hippuran-lslI, corrected for extraction. The results are summarized in Table III . Renal blood flow in postobstructive rats was not significantly different from that observed in normal animals, despite the marked reduction of GFR in the former group. The whole blood extraction of Hippuran and the filtration fraction were markedly and consistently reduced in postobstructive rats. The cortical distribution of blood flow was measured with radioactive microspheres in order to determine whether redistribution of flow could account for the observed discrepancy between SNGFR and whole kidney GFR and whether this might be a factor in the natriuresis and diuresis. The distribution of radioactivity was related to the distribution of glomeruli in order to provide an index of relative rates of glomerular perfusion at various levels of the renal cortex. As shown in Table IV , in normal rats the outermost cortical zone was the most heavily perfused, over 50% of total flow 20- %0.i 15- I.-t 10. The effect of various vasoactive agents was studied in the postobstructive state. Renal vasodilatation was induced by the infusion of papverine (0.13 mg/min) into the left renal artery. In nine rats mean GFR was unaffected by papaverine, averaging 0.09 ml/min per 100 g before and during infusion. This is in striking contrast to the effect of papaverine after release of (Tables I and III) . Effect of urea diuresis. It was postulated that solute diuresis due to previously retained urea might be responsible for postobstructive natriuresis. Urea was infused into normal rats and rats with previous unilateral ureteral ligation to achieve plasma urea nitrogen concentrations comparable to those found 24 hr after bilateral ligation (25-41 mM). As shown in Table VI only slight degrees of natriuresis resulted. Fractional sodium excretion did not exceed 0.024 in normal rats or 0.015 in unilaterally obstructed animals. The marked natriuresis seen after release of bilateral obstruction does not appear to be attributable primarily to solute diuresis. DISCUSSION A characteristic set of renal functional defects has been observed in the rat after release of bilateral ureteral obstruction, namely, diuresis, natriuresis, and impairment of gloxnerular filtration. Identical findings have been described in patients after relief of urinary obstruction (7, (11) (12) (13) (14) . While a number of recent studies have been directed to the renal functional changes associated witlh unilateral obstruction (15, 16) and acute (17, 18) and chronic (18) elevation of ureteral pressure, data obtained after release of total obstruction have been sparse and related primarily to the defects in sodium and water excretion in this lesion (8) . The impairment of glomerular filtration after release of bilateral obstruction has remained unexplored and the present study is directed primarily to determining the pathogenesis of this excretory defect.
The present-data indicate that impairment of filtration rate in the postobstructive state results from an intrarenal hemodynamic abnormality. Total renal blood flow and cortical distribution of flow are normal, despite the presence of marked reduction of GFR. The concurrence of normal blood flow with reduced GFR may be present when there is intratubular obstruction to flow (3), but ,measurements of free flow proximal tubular pressure in the postobstructive state, in the presence of high rates of urine flow, reveal no evidence of tubular obstruction.
It is therefore concluded tlhat a hemodynamically deter- This precluded collection of fluid and measurement of GFR in such tubules and they were consequently excluded from the pooled data. As shown in Fig. 1 there was marked heterogeneity of superficial nephron function. Although the largest number of values fall between 4 and 6 nl/min, a reduction in SNGFR proportional to whole kidney GFR, the necessary exclusion of nephrons with a GFR less than 4 nl/min results in a skewing of the distribution to the right. Proximal tubular injection of Lissamine green indicates that approximately 28% of surface nephrons were either nonfiltering or had filtration rates too low to measure by conventional micropuncture technique. These findings suggest that the disparity between surface SNGFR and whole kidney GFR may result solely from limitations of methodology and not represent a true difference in distribution of nephron involvement in this lesion. This view is further supported by the observation that microsphere distribution is not altered in the postobstructive kidney, although since this method measures distribution of blood flow rather than filtration rate it does not exclude the possibility that GFR, relative to blood flow, is better maintained in superficial than in deep nephrons. The marked heterogeneity of nephron function in this lesion has been repeatedly observed in other types of experimentally induced acute renal failure (1) (2) (3) . While this may have been attributable to varying degrees of tubular damage or intratubular obstruction in individual nephrons in those lesions, the present study indicates that an apparently uniform inciting lesion, total obstruction, produces a widely variable hemodynamic response in individual glonmeruli. The mechanism by which individual cortical glomeruli manifest widely disparate hemodynamic responses to a uniform stimulus remains unexplained.
It is well established that enhanced sodiumi excretion occurs after release of urinary obstruction in man (7, (11) (12) (13) (14) . The clinical reports of postobstructive natriuresis include only patients in whom there is either bilateral obstruction or unilateral obstruction with absence of the contralateral kidney (7, (11) (12) (13) (14) . This phenomenon does not appear to occur after release of unilateral obstruction when the opposite kidney is functionally intact. While it has been suggested that this natriuresis is an appropriate response to increased total body sodium, accumulated during the period of urinary suppression (11) , the present study shows that natriuresis occurs despite total exclusion of sodium intake during the period of obstruction. Further it has been shown that neither overhydration, resulting from continuing water intake in the presence of anuria, nor solute diuresis, from retained urea, can account for the enhanced rate of sodium excretion. Several additional possible mechanisms exist. First, it has been considered that natriuresis might result primarily from altered peritubular physical forces. Both the low filtration fraction, by producing a relatively low peritubular capillary oncotic pressure, and postglomerular vasodilatation, which might effect a rise in peritubular capillary hydrostatic pressure, would be expected to decrease fractional sodium reabsorption in the proximal tubule (23, 24) . Two (21) in several respects, including a less marked rise in blood pressure and evidence for predominant postglomerular vasodilatation in this lesion as opposed to the generalized dilatation produced by acetylcholine. During vasodilatation induced by acetylcholine the elevated systemic pressure is presumably transmitted to the peritubular capillaries whereas in the present study the preglomerular vessels appear to be responsive to vasoconstricting agents. This is evidenced by the response of GFR to angiotensin in this lesion in contrast to the minimal effect on GFR noted in the study of Earley and Friedler (21) . The present data indicate that the defect in sodium transport is located in the distal tubule and it is suggested that this may be a direct consequence of the mechanical effects of prolonged ureteral obstruction in the distal nephron. The possibility that some humoral agent, acting to decrease distal sodium transport, might accumulate during total obstruction and account for the subsequent natriuresis has not been excluded.
The mechanism responsible for the intrarenal hemodynamic response to bilateral obstruction remains undetermined. It is of particular interest that this response differs markedly from that seen after unilateral ureteral ligation (5) , in which preglomerular vasoconstriction seems to be the predominant defect. As a result, intra-tubular pressure is low, tubules are collapsed and postobstructive natriuresis is absent. In contrast, when both ureters are ligated, postglomerular vasodilatation mainitains normial renal perfusion, despite an apparent moderate increase in afferent arteriolar resistance. It is not clear why these two types of obstruction produce such strikingly different intrarenial henmodynanmic responses. The most apparent difference in the nature of these lesions is that after unilateral obstruction near-normal renal excretory function persis's, through the function of the contralateral kidney, whereas after bilateral ureteral ligation the animal is functionally anephric. This suggests that a substance with renial vasodilator properties may accumulate during total suppression of excretory function and account for the differing heniodynamic responses in these two lesions. The possibility that such a substance exists, and that it mliglht be operative in this setting and in the hyperperfusion of residual nephronis in chronic renal disease (25) . remlains nnconfirmied.
